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Description 

Cascaded Optical Modulation System 
With High Linearity 

5 

Technical Field 

The invention relates to integrated electro- 
optic modulators having multiple modulation cells and in 
particular to modulators designed to minimize non-linear 
10 distortion for multichannel AM fiber optic amplitude 
modulation schemes. 

Background Art 

Optical modulators of interest in the present 

15 invention are integrated optical waveguide structures 
which may be considered as having an input section, a 
central phase modulating interferometer (IF) section and 
an output section. The input and output sections may be 
either Y-junction (YJ) optical waveguide structures (YJ 

20 splitter with one input waveguide dividing into two 

output waveguides or YJ combiner wherein two input wave- 
guides merge into a single output waveguide) or optical 
directional couplers (DC) which are 2X2 optical ports 
having paired coupled waveguides. One type of optical 

25 modulator of interest is the Mach-Zehner (MZ) modulator. 
This has a YJ splitter input section, a central IF sec- 
tion and a YJ combiner output (YJ-IF-YJ in our notation). 
Another type of optical modulator of interest is the 
balanced bridge modulator (BBI) » This has three possible 

30 configurations: (1) YJ-IF-DC, (2) DC-IF-YJ or (3) DC- 
IF-DC. Note that at least one of the end sections is 
always a DC section. Another way of characterizing these 
devices is in terms of the number of input and output 
waveguide ports, i.e., the MZ is 1X1, the BBI is 1X2, or 

35 2X1, or 2X2. For a 2X2 BBI both input ports can be used 
or one input port may be unused effectively utilizing the 
device in a 1X2 mode of operation. 
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In prior art, two modulators have been connect- 
ed both in series or in parallel, in an effort to improve 
linearity of the light power vs. modulating voltage 
transfer characteristic over a wide bandwidth operation 
5 range. In the dual parallel schemes, the outputs of two 

modulators are combined either incoherently or coherently 
or two orthogonal polarizations of the same modulator 
structure are combined to serve as the equivalents of two 
different parallel modulators. Fig. l shows a dual 
10 parallel modulator with YJs 21, bias electrodes 23, RF 
electrodes 25 and a phase modulator 27. 

In the parallel connection scheme, the two 
modulators (or the two orthogonal polarizations of a 
single modulator) are generally driven with different 
15 drive voltages or are designed to have different modulat- 

ing efficiencies, often achieved through the use of 
different electrode lengths, and are fed with different 
optical powers, such that the net result is to subtract 
the nonlinear distortion terms generated in the two 
20 modulators. Unfortunately, this occurs at the expense of 

the desired linear drive signals being partially can- 
celed. In addition, such schemes yield a higher optical 
loss and require a higher RF drive power. Other problems 
have to do with the electrical and acoustical cross-talk 
25 between the two sections which, because of the parallel 

layout, are in close proximity to one another and are 
oriented broadside with respect to acoustic radiation 
coupling. 

In the serial connection schemes, directional 
30 couplers with sub-sections are used with electrodes 

connected to several sub-sections, in these implementa- 
tions, the modulating signal, typically a radio frequency 
(RF) drive, is applied to one electrode sub-section only 
and the other sub-sections are either un-modulated or DC 
35 biased. 

In a paper entitled " Linearization of Electro- 

Optic Modulators by a Cascade Coupling of Phase Modulating Electrodes?* by 

H. Skeie and R.v. Johnson, published in SPIE, Vol 1583, 
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Integrated Optical Circuits (1991), p. 153-164 the authors disclose 
parallel and cascade coupling of two modulators. Fig. 2 
shows structures illustrated in the paper where Fig. 2a 
is a tandem MZ configuration with a first input yj 31, a 
5 bias electrode 33 f a first IF 35 and a first YJ output 37 

joined to a second input YJ 32, a second bias electrode 
34 and IF 36 and a second output YJ 38- In Fig. 2b f an 
MZ modulator 41, similar to the first MZ of Fig. 2a is 
connected through a bias electrode 43, an IF 45 to an 
10 output YJ 47. The second modulator formed by DC 48, bias 
electrode 42, IF 44 and YJ 46 is a BBI used in a lxl 
fashion. Fig. 2c shows an MZ modulator 51 coupled to a 
BBI modulator 53 as in Fig. 2b, except that the output 
section 55 is a DC. Justly, the authors disclose in Fig. 
.2d a BBI modulator 61 coupled to another BBI modulator 
63, and they note that the second stage is identical to 
the first. 

Modulator L-V transfer characteristic-linearity and distortion specifications 
20 Modulator linearity and the residual nonlinear 

distortion are specified in terms of the harmonic re- 
sponse of the power series expansion of the L-V (Light 
power vs. modulation Voltage) transfer characteristic. 
The background material reviewed here sets the mathemati- 
cs cal notation and is well known prior art, with the excep- 
tion of the normalizations of power series coefficients 
introduced for meaningful comparison criteria among 
different devices. 

Any electro-optic modulator (Fig. 3) can be 
30 described as a system with an optical input port where 

typically unmodulated CW light power P (n is injected, an 
optical output where modulated optical power P 0 <o is 
collected, and an electrical modulating port where a 
modulating voltage signal v (/) is applied. The L-v 
35 characteristic is a relation between these three quanti- 
ties, with P ln considered a parameter: 

Mv> =/\„G(v) (1) 
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The output p wer is linear in the input power 
but is generally nonlinear in the modulating voltage, and 
it is our objective to reduce this nonlinearity . 

The power series expansion of the transfer 
characteristic (Eq. 1) can be expressed as 

P 0 = ?(l+rf x + + 4+ 2 + tf,+ 3 +...) (2) 

where 0 is a normalized voltage expressing the interfero- 
metric phase retardation 

♦ = £ v (3) 

v is the modulating voltage applied to the interferometer 
electrodes, V v is a constant called half -wave voltage - 
the voltage required to produce n phase change in <p 

A (4) 
F is the average output optical power, J> n is the input 
optical power, and I0log 10 ( A ) represents the device 
optical insertion loss in dB. In this disclosure, the 
even and third order distortions are substantially nulled 
rendering the dominant distortion to be the residual 
fifth order one. The L-v characteristic expressed in a 
power series with only odd terms, starting with the fifth 
!5 order one is, 

P (6) 

where we introduced normalized optical intensity 1(0) as 
the ratio of optical power to average power. 
0 Assume now that the modulation signal is a sum 

of sinusoidal tones 



20 



5 



v(0 =^2cos(co m r + « m ) (6) 
thus 

4>(r> = ^ = P2>s«V + * ra > <*> 
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where 

P - £-V Q (8) 
w n 

is the modulation index in radians. 

introduce the optical modulation index (OMI) m 
as the ratio of the peak optical power of each of the 
sinusoidal carriers (Pdfi) to the average optical power 

m CamcrPeakOptPWR _ A ■ 
" AverageOptPWR " tf ' P W 



For a given transmitted average power, it is 
the OMI that determines the carrier to noise ratio. To 
compare two systems, with the same carrier to noise ratio 
in terms of their nonlinear distortions, one would drive 
15 both to the same OMI . 

Using the formalism above, it is possible to 
show that the ratio of the fifth order intermodulation 
term to the carrier is proportional to d i r)om m 4 ', where 

20 d S = ^5 <"» 

is a normalized fifth order coefficient which can be used 
as a figure of merit to compare two different systems 
both driven to the same modulation index m in terms of 
the strengths of their fifth order intermodulation dis- 
25 tort ion. 

For a given average optical power P, the 
amplitude in the optical power domain of each of the 
carriers is given by 

30 - » ?rf,£ V . C11) 

Therefore it is advantageous to maximize the linear 
modulation coefficient and reduce the drive voltage 
Vy 9 as well as increase the average optical power 7 by 
reducing the insertion loss A . 

35 
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Mathematical description of optical two-ports 
The directional coupler and the two-arm inter- 
ferometer are optical two-port devices. A generic two- 
port integrated optical device is illustrated in Fig. 4. 
It can be mathematically described in terms of a two-port 
transfer matrix M relating the electric fields at the two 
waveguide input ports 65 and 67 with the electric fields 
at the two waveguide output ports 71 and 73: 



lO M 



= 




[J 


E' 



(12) 

Directional Coupler (DC) 
Consider a directional coupler consisting of 
two closely spaced waveguides, generally with biasing 

15 electrodes. The well known coupled mode equations de- 
scribe the evolution of the E-fields along a coupler and 
the exchange of energy between the two waveguides. bet 
denote the coupling coefficient per unit length between 
the waveguides and 6 denote the asynchronism coefficient 

20 which is proportional to the applied voltage and to the 
induced phase difference per unit length between the two 
coupler arms, 

5 = = JL = * v (13) 

25 with R some proportionality constant. Throughout the 

document M and fi will be used somewhat interchangeably. 

A coupler with 6 = o is called symmetric and a 
coupler with nonzero 6 is called asymmetric. The asymme- 
try may be structural - unequal waveguides (differing in 

30 cross-sectional dimensions and/or refractive indexes) or, 
for the so-called A 0 coupler, it may be an asymmetry 
induced by the applied voltage on the electrodes. 

The general solution to the coupled mode equa- 
tions is represented in terms of a two-port transfer 

35 matrix C [k,$] given by 



L;* *<T /A J [/sine r> cos(De- yA 



(14) 
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wherein using the notation 

7 = LV6 2 + K* (15) 



the parameters r , A , K, K are expressed as 

xL 

T =» aresin(ysin(7)) (16) 
• 8L 

A = taiT^ — tan(y)) (17) 

* = «n(r) = kl— lii (18) 

it « Jl-JT* = cos(F) (19) 
» cos (y) +; ysin (y) (20) 

From Eg. 13, it is apparent that as the coupler is made 
15 more asymmetric e.g. by applying bias voltage and causing 
a L$ difference, the magnitude of the cross-over 
coefficient diminishes according to a sin(y)/Y 
function. 

As a special case of the equations above, 
20 consider a symmetric coupler 6 =• 0 for which r = y = kL 
K = sin(y) and A =o. In this case, the coupler can be 
interchangeably described by its coupling ratio K or its 
coupling angle y . For the asymmetric coupler, the 

coupling ratio is defined by the analogous coupling angle 
25 r, but a full description of the coupler must consider 
the phase shift A as well. Occasionally, we also de- 
scribe a coupler by its power cross-over ratio K z , e.g, 
a 50%/50% coupler. 

30 Push-pull phase modulating interferometer ma 

An interferometer (IF) transfer matrix corre- 
sponds to pure phase shifts with no cross-coupling be- 
tween the two waveguides 

r A '\ 

35 p W] = 



0 
-/♦ 

V0 e 



">2 



<2i) 
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with * the differential phase retardation between the two 
arms. Control of the device requires applying some 
static bias voltage V b to the interferometer electrodes, 
thus in the most general case of interferometer matrix is . 
5 F [<p + n] with n ~ ^ V b the static bias phase. 

The objectives of the invention are the design 
of modulator devices and related bias and tuning systems 
to improve the following performance criteria: 

1) reduce the nonlinearities over a broad frequen- 
lo cy band. 

2) maximize the modulation efficiency, i.e., ' 
maximize the linear modulation coefficient and minimize 
the half -wave drive voltage and the optical losses. 

3) attain the ability to electronically tune the 
15 device to the above optimum operating point in the wake 

of the inevitable process irregularities. 

Disclosure of the Invention 

The goals of the invention are met by an elec- 

20 fcro-optical modulator with a plurality of modulating 

stages cascaded together in a tandem arrangement. The 
stages are driven by simultaneous modulating electrical 
signals. In particular, the modulating voltages may be 
derived from a single input source by means of an elec- 

25 trical power splitter with at least two outputs in con- 
trast to the previous art serial device architectures 
(J.K Lam and Gregory L Tangonon, also Z.Q. Un and WS.C. Chang, 
also M.L, Farwdl and Z.Q. Lin) wherein a single modulating 
electrical signal would be applied to one section, but a 

30 biasing electrical signal, or no bias at all, would be 
applied to one or more additional sections. 

To achieve the objectives of the invention, we 
disclose the following new elements: 

A) Dual tandem and split tandem architectures with 
35 multiple electrical drives. 

B) Device broadband operation achieved by means of 
balanced splitting ratios, i.e., dual electrical drives 
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that are equal in magnitude and either in phase or 180* 
out of phase. 

C) Choice of coupler coefficients which are opti- 
mal for the reduction of odd order distortions and simul- 

5 taneously for the enhancement of the linear modulation 
coefficient. 

D) Usage of voltage-tunable A 0 couplers (with the 
couplers covered as a special case) to enhance the tuna- 

bility of the couplers such that the device could be 
10 biased at its optimum operating regime . 

E) Application of bias voltages to the interferons 
eter sections and to couplers by means of parametric 
feedback loops in order to null the even order distor- 
tions of the device as associated with A p couplers while 

15 minimizing odd order distortions. 

Brief Description of the Drawings 

Fig. 1 depicts a prior art dual parallel modu- 
lator, obtained by optically connecting two Mach-Zehnder 
20 modulators in parallel. 

Fig. 2 depicts modular structures illustrated 
in the reference Skeie and Johnson. 

Fig. 2a is a tandem MZ configuration. 

Fig. 2b is another tandem MZ configuration 
25 using a directional coupler with one unconnected port. 

Fig. 2c shows an MZ modulator coupled to a BBI 

modulator. 

Fig. 2d shows a BBI modulator coupled to anoth- 
er BBI modulator. 
30 Fig. 3 depicts a general electro-optic modula- 

tor with its optical input and output waveguide ports and 
the electrical modulating signal port. 

Fig. 4 shows a generic two-port integrated 
optical device. 

35 Fig. 5 depicts the various dual tandem devices 

obtained by cascade connection of BBI (Balanced Bridge 
Interferometers) and/or MZ (Mach-Zehnder) devices. 
Fig. 5a is a Double HZ cascade. 
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Fig* 5b is a cascade of MZ and BBI. 

Pig. 5c is a cascade of BBI and MZ. 

Fig. 5d is a Double BBI cascade. 

Fig. € is a detailed diagram for the optical 
5 paths of the MZBBI device. 

Fig. 7 is a detailed diagram for the optical 
paths of the OBBI device. 

Fig. 8 shows an alternative mode of partition- 
ing dual tandem devices into two stages, the first stage 
10 (SI) ending in a type I or type II 2x2 optical connecting 
port and the second stage ending in a 2x1 or 2x2 port. 

Fig. 8a ,c shows type I devices. 

Fig. 8b, d shows type II devices. 

Fig. 9 schematically depicts the electrical 
15 splitter to simultaneously drive both ports of the dual 
tandem devices. 

Fig. 10 illustrates the raised sine transfer 
characteristic of single MZ or BBI stages with bias 
points of positive slope and negative slope whereat the 
20 even order distortion is nulled. 

Fig. 11 depicts two possible realizations of 
split tandem devices. 

Fig. Xla shows a split tandem device with two 
outputs comprising a first 1X2 stage branching into two 
25 1x2 branches. 

Fig. lib shows a split tandem device with two 
outputs comprising a first 1X2 stage branching into two 
2x1 branches which are actually used as 1x1 stages with 
one input port left unconnected. 
30 Fig. 12 shows a detailed embodiment of a split 

tandem device of Fig. lib. 

Fig. 13 depicts the electrical drive for split 
tandem devices. 

Fig. 14a shows a dual tandem device displaying 
35 equal frequency responses from each of the two splitter 
arms to the lightwave signals. 
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Fig. 14b indicates a system equivalent to that 
of Fig. 14a which demonstrates tho ideality of the system 
of Fig. 14a in terms of its intermodulation distortion 
minimization properties being independent of the frequen- 
5 cy response f?(f)* 

Fig. 15 depicts the preferred embodiment of a 
linearized transmission based on a double BBI dual tandem 
optical modulator with its balanced electrical splitter 
driver and the parametric control circuitry for closed 
10 loop biasing the apparatus in order to substantially null 
even and third order distortions, minimize the fifth 
order distortion and maximize the linear modulation 
coefficient. 

Fig. 16 shows a limited bandwidth dual tandem 
15 electrical splitter driver realized as a balun transform- 
er with windings on ferrite toroid. 

Fig. 17a shows a partial balun structure in- 
tended as a first attempt at the realization of a broad- 
band balanced splitter. 
20 Fig. 17b depicts an electrical model of the 

structure of Fig. 17a with the coaxial .cable modeled as 
coupled transmission lines and a shorted stub to ground' 
leading to an asymmetry which reduces the balance of the 
balun. 

25 Fig. 18 shows a final transmission line trans- 

former splitting structure which ie well balanced at all 
frequencies and provides decades of bandwidth and low 
loss. The structure includes a compensating wire of 
diameter equal to the coax and a similar piece of ferrite 

30 as that which surrounds the coax connected to the inner 

conductor which balanced the structure with respect to as 
the outside of the shield. 

Pig. 19 shows the equivalent model of the 
balanced structure of Fig. 17. 

35 * Fig. 20 depicts a broadband transmission line 

hybrid antipodal splitter with improved load isolation 
used to drive the two stages of the dual tandem devices. 
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Fig. 21 depicts two contour plots in the K % - 
K 2 plane, describing ecjui- lines Q f the splitting ratio p 
such that <4j = O, i.e., loci of all possible pairs of 
coupler values yielding null third order distortion for 

5 each given splitting ratio p . 

Fig. 22 through Fig. 26 depict contour plots in, 
the p - K z plane for two of the quantities to be opti- 
mized: the first and fifth normalized power series 
coefficients rf, and 4™ m i while satisfying the constraint 

0 that the third order coefficient = 0 which predeter- 
mines the first coupler value K t - The two independent 
variables p and K z range from o to l, as indicated, and 
the tickroarKs are in percent. 

Fig. 22 is a contour plot of d y for the 0:1 

5 splitter. Brighter means higher values, the maximum 
occurs on the horizontal lower axis. 

Fig. 2 3 is a contour plot of for th© lsp 
splitter. Brighter means higher values, the maximum 
occurs on the horizontal lower axis. 

0 Fig. 24 is a contour plot of ^ norm f or the p:i 

splitter. Brighter means lower values, the minimum 
occurs on the horizontal lower axis, the other minimum in 
the upper right corner is to be discarded, as it falls in 
the forbidden region of mathematically meaningless solu- 

5 tions as indicated in Fig. 26. 

Fig.. 25 is a contour plot of d^* m f or the l:p 
splitter. Brighter means lower values, the absolute 
minimum is only 2% different from the minimum along the 
lower horizontal avis. 

3 Fig. 2 6 indicates how the p - K t plane should 

be partitioned into a meaningful and a forbidden region 
with respect to solutions of the optimization problem 
over the two coupler ratios K^, K z and the splitter 
ratio p. 

5 Fig. 27 is a plot describing the light vs. 

voltage transfer characteristic of an uncompensated Hach- 
Zehnder device and the optimally tuned DBBI device and a 
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straight tangent line for comparison. The DBBI curve is 
tho one between the straight line and the kz curve. 

Fig. 28 is a plot in the K x - K 2 plane 
describing the optimal solution, it indicates a point 
5 comprising the optimal values for the two coupler cross- 
over ratios, as well as the locus in the plane of all 
pairs of coupler values for which the third order 
coefficient is nulled out when an antipodal splitter is 
used. The optimal point indicated further maximizes the 
10 linear modulation coefficient and minimizes the 
normalized fifth order distortion. 

Best Mode For Carrying Out the Invention 

In accordance with the teachings of this inven- 
15 tion, the electro-optic modulator with enhanced linear 
range is obtained by cascading modulator devices in 
series or in tandem. The specific subset of linearized 
optical modulators claimed as the invention yields better 
performance criteria than prior art devices and includes 
two main generic types of structures of optical tandem 
connection. These are classified in Table 1, displaying 
interconnected KZ and BBI sections as indicated in the 
symbolic notation wherein the arrow indicates a cascaded 
toutt-coupling of the output waveguides of one modulator 
25 to the input waveguides of the next one to form an inte- 
grated device and the "x" indicates a fan-out or fan-in. 

TABLE 1 

30 Dual tandem class of embodiments: 

1 x N - N x M N = 1,2 M = i f 2 

split tandem class of embodiments: 
1 x M 

35 1 X 2 M - 1,2 

l x M 



20 
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Four special cases of dual tandem devices are 
summarized in Pig- 5a through Pig. 5d, where DMZ and OBBX 

mean Double MZ and Double BBI respectively, and MZBBI and 
BBIMZ are the obvious cascades of an MZ and a BBI, 
5 Detailed diagrams for the optical paths of the 

MZBBI and DBBI devices are presented in Fig, 6 and Fig. 
7, respectively. Fig. 6 consists of an MZ (waveguides 
71, 73, 75 and 77) serially connected with a BBI (77, 79, 
Bl and 83) which terminates in the DC (83) with two 

10 waveguide output ports 85 and 87. The DBBI depicted in 
Fig. 7 consists of two cascaded BBIs (91 through 97 
cascaded with 97 through 109) . 

The partition into two stages of the overall 
device is somewhat arbitrary. Another point of view is 

15 shown in Fig. 8, wherein the first stage (SI) is taken to 
include a 2x2 optical connecting port, which in Fig. 8b 
and Fig, 8d consists of a YJ splitter cascaded with a YJ 
combiner (Type I) and in Fig. 8a and Fig. 8c, SI consists 
of a DC (Type II). The two types can be differentiated 

20 by the waveguides connecting the input port and the 

output port of the 2x2 port. For a type I device, there 
is a single waveguide bridging the two ports, whereas for 
a type II device, there are two waveguides in the middle 
region of the 2x2 port. 

25 Another possibility for realizing the 2x2 

connecting port for Type I devices is to cascade a com- 
biner with a coupler rather than with a splitter, wherein 
one input port of the coupler is unused as in Fig. 2b and 
Fig. 2c. This realization of the 2x2 connecting port is 

30 functionally equivalent to the case of a combiner and a 
splitter used back to back. 

It will be shown that Type I and Type II de- 
vices each have a different transfer characteristics but 
are unaffected by the number of outputs M, i.e., both 

35 types can have either A£=l or 2. When A/=2, the two out- 
puts are complementary and behave like the single avail- 
able outputs for M=l (assuming the same type I or II when 
comparing A/=l and M=2) . 
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Fig. 9 schematically describes the electrical 
drive for the dual tandem devices by means of an RF 
splitter driving both ports simultaneously with split 
ratio 

5 P = r,:r 2 (22) 

The voltages 116 and 118 are applied to the 
modulating electrodes of the respective stages 112 and 
114 and are linearly related to the modulating voltage 

10 120. In a simplistic implementation, the splitter could 
be a multiwinding transformer with turns ratio r^r^ 
although as discussed below, such implementation is not 
sufficiently broadband and transmission line transformer 
structures with better performance will be disclosed. 

15 According to the teachings of this invention, 

the two phase retardation modulation signals in the two 
interferometer sections of the modulator cascade are 
required to be 180 degrees out of phase (in anti-phase) 
in order to achieve cancellation of third order nonlin- 

20 earity. This does not necessarily mean that the two 

voltage outputs of the driving electrical splitter must 
be anti-phase. Neglecting delays, the two electrical 
outputs of the splitter can be either in phase or anti- 
phase, depending on the phase biasing of the two modula- 

25 tor stages. The transfer characteristic of the single MZ 
or BBI stages can have two types of bias points at which 
the even order distortion is substantially nulled, a 
positive slope bias or a negative slope bias (points p 
and n in Fig- 10) . When both devices are biased on 

30 congruent branches of the L-V characteristics with the 

same slope (i.e., both stages at p or at n) , the splitter 
must provide anti-phase voltages. Alternatively, if the 
splitter provides in-phase voltages, then the two devices 
are to be biased on branches of the L-V characteristics 

35 with opposite slopes, and this will effectively yield 

retardation modulations in anti-phase in the two stages. 
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A particularly advantageous splitting ratio, as 
will be described in the preferred embodiments, is p = 
±1, i.e., the two splitter anas are balanced, outputting 
equal amplitude voltages, either in phase or in anti- 
5 phase. This simplifies the structure of the electronic 
splitter and makes the frequency responses from the main 
electrical input 120 to the two electrical ports 116 and 
118 (Pig. 9) track each other better over a broader band 
of frequencies, resulting in improved suppression of 

10 third order ndnlinearity . The application of such bal- 
anced splitter in conjunction with the corresponding 
branch biasing of the two devices yields retardation 
modulation signals in the two stages which are antipodal, 
i.e., of equal magnitude or opposite phase, provided that 

15 relative propagation delays from the two outputs of the 
splitter to the two input ports of the two modulating 
stages are properly matched. In fact, in order to yield 
phase retardation modulations that are truly delay 
matched, the propagation delays of the two splitter arms 

20 are not to be equal but should to be chosen such as to 
compensate for the time of flight of the light beams 
between the first and second tandem devices. Such con- 
siderations become important at high frequencies of 
operation. 

25 

Split tandem devices* Notice that according to Table I r these 
consist of tree-like devices wherein the trunk consists 
of a first 1X2 stage, the two outputs of each are each 
followed by two 2x1 or 1x2 branches (Fig. 11a and Fig. 

30 lib) . As before, it is possible to use 2XM devices for 
the second stage branches, given that one of the inputs 
of each such stage remains unused (Fig. lib) . An example 
of an embodiment of a split tandem device with 2 outputs 
(Af=l) is schematically detailed in Fig. 12. The first 

35 stage consists of a BBI (comprising YJ 142, interferome- 
ter RF electrode 144 and ground electrodes 143 and 145, 

which together form a three electrode coplanar transmis- 
sion line) ending in a coupler biased by electrodes 146 
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and 147- The coupler two output anas (waveguides 148 and 
149) are each connected to 2x1 BBIs with outputs 156 and 
157 with if sections driven toy electrodes 152 through 
155- The electrical drive for split tandem devices is 
5 described in Fig. 13 r wherein to illustrate another 

possible configuration 1X2 BBI devices are used in the 
two output stages. In the Figure, light colored lines 
(120, 122, 124, 130 through 133) represent: the optical 
waveguide ports while dark lines (126, 128 and 134) 
10 represent the electrical lines- 

The description above presented the architec- 
tures for tandem optical modulator devices and electrical 
drivers for the modulation signals according to the 
teachings of the invention. To see how such architec- 
tures lead to improved performance criteria, a detailed 
mathematical analysis has been carried out starting with 
the transfer characteristic for the devices and determin- 
ing the appropriate values of parameters and bias values 
for optimized performance. The analysis consists of a 
comprehensive search in t:he multidimensional space of 
device parameters. The results indicate new operating 
regimes for the devices with better performance with 
respect to all other known tandem devices. In fact, the 
operating points derived in this invention are optimal in 
25 the .sense that operating at any other operating regime 
will result in degraded overall performance. 

As shown in Eq. 5, the normalized output power 
from an optical modulator may be expressed as a power 
series in the normalised modulating voltage 0. in this 
30 invention, we disclose the usage of a P directional 

couplers (unlike the work of skeie and Johnson which uses 
directional couplers} in conjunction with an optimised 
RF splitter and applying bias voltages to both the IF and 
directional coupler sections and teach how to achieve the 
35 following optimization of the L-v transfer characteristic 
(referring to Eq. 5) : 

Substantially null all even distortion terms: 
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Substantially null the lowest odd order term - the 
third coefficient: » 0 which amounts to canceling the 

third order harmonic and intermodulation distortion over 
a broad frequency range. 
5 Maximize the first order modulation coefficient: 

dy -» Max which amounts to minimizing the drive voltage 
for the device. 

Minimize the fifth order coefficient; -> Min, 
" which amounts to minimizing the fifth order harmonic and 

10 intermodulation distortion. 

An interesting point is that it may be advanta- 
geous to slightly detune of the optimum coupler parame- 
ters such that the third order distortion is not entirely 
nulled but a residual amount of third order intermodular 
15 tion is kept to compensate the fifth order intermodula- 
tion. This slightly detuned mode of operating in the 
vicinity of the optimum values taught by the invention, 
which hull the third order distortion, may improve the 
operation of the device at certain signal levels, reduc- 
ing the intermodulation distortion and is implied in the 
teachings of this invention. 

As will be shown below, the drive voltage for 
the DBBI device described by Skeie and Johnson is 2.5 dB 
higher and its normalized fifth order distortion is about 
25 0.5 dB worse than that of our DBBI disclosed devices. In 
a multichannel video transmission application, over a 
bandwidth of 0.5-1 GHz, the requirement for too high a 
drive voltage as in Skeie and Johnson may mean that in a 
practical implementation, a broadband amplifier might not 
even be available to supply the required drive over the 
broadband frequency range, whereas too high nonlinear 
distortion limits both the number of channels and the 
. dynamic range and budget loss of the optical link. 

We disclose in this invention the usage of 
35 tandem devices using asymmetric a p ^ o voltage-tunable 
couplers in conjunction with applied bias voltages to the 
RF electrodes by means of parametric feedback control 
loops in order to tune the device to the optimum linear i- 
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ty point. The mathematical derivation below further 
establishes why the usage of a A /? coupler cannot be 
trivially combined with prior art. 

The performance criterion of electrical tune- 
5 bility is very important since it is not likely that a 

coupler could be accurately fabricated with the precise 
coupling values necessary to null the third order coeffi- 
cient, thus requiring coupler final adjustment. Electri- 
cal coupler tuning can be accomplished in two ways, by A< 

io tuning or M tuning, the latter being a much stronger 
effect- However, the theory of operation presented in 
SJceie and Johnson only assumes A< couplers corresponding 
to the coupler matrix C [k ,0] in our notation, and making 
no provision for A & coupler tuning. In addition, it is 

15 advantageous to consider usage of a A 0 rather than a A< 
tunable couplers for certain crystal cuts for additional 
reasons other than the enhanced tuning efficiency. For 
example, a A0 coupler in a x-cut LiNb0 3 is more accu- 
rately controlled than a Ak coupler and it also offers 

20 less optical loss due to the positioning of electrodes 

alongside the waveguides rather than on top of the wave- 
guides as for a Ajc tunable coupler- Furthermore, even 
if pure Ak tuning were intended to be used, some para- 
sitic bp tuning or built-in bias may appear due to fab- 

25 rication imperfections, in mathematical terms, the gen- 
eral coupler matrix is a function of the applied coupler 
tuning voltage V c via both the < and the a p voltage de- 
pendent mechanisms: 

30 C[k,6] =c[k(V c ),»AP(V c )] 

The general asymmetric coupler transfer matrix C 
(Eq. 14) differs from the symmetric coupler matrix C[<,0] 
by the presence of the diagonal phase shifts terms ± A . 
35 Therefore, a device wherein a Afl(K c ) tuning mechanism is 
present no longer functions as disclosed in the Skeie and 
Johnson work since second order distortion appears as 

further analyzed below. The question arises whether it 
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is still p ssible to cancel ut the third order 
coefficient upon using a fi couplers and what additional 
measures are required for that purpose. 

Although the ability to tune the magnitude of 
the coupling coefficients by voltage is evident, it is 
not a priori clear whether the presence of the extra 
phase shifts associated with A fi operation does not foil 
the operation of the device, in other words, whether 
fourth order and higher order even terms do not appear 
and whether voltages on the couplers and the interferome- 
ter sections need to be simultaneously controlled or are 
they effectively decoupled. In accordance with the 
teachings of this invention, we have established that it 
is possible to compensate for the A fi induced ±A phase 
shifts by applying static bias voltages to the electrodes 
of the two interferometer sections. Under the prescribed 
interferometer biasing voltages, the transfer character- 
istic becomes odd shaped and all even order distortion 
terms disappear* 

We disclose the means to make use of the 
stronger and more advantageous A fi tuning effect by 
concurrently applying tuning voltages to the couplers and 
correcting for second order distortions generated in the 
process of A fi tuning by applying bias voltages to the 
two interferometer sections in order to null out the 
second order distortions. The voltages on the interfer- 
ometers are to be applied by means of a parametric closed 
loop system which nulls out the distortion products in 
the optical output associated with electrical input pilot 
tones injected in the input. 

Considering the DBBI device, another issue 
addressed in the disclosure is the setting of the split- 
ting ratios between the electrical signals driving the 
two sections. The optimization analysis to follow has 
established that the optimal splitting ratio is 1:-1, 
hereforth called antipodal splitting, i.e., for optimal 
operation the IF phase retardation modulating signals 

must be equal in magnitude and opposite in phase. Such 
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splitting rati will be shown to result in the lowest 
possible half-wave drive voltage and substantially mini- 
mal fifth order distortion. The splitting ratio of 
U-0.5 in ref. Skeie and Johnson is shown to lead to a 
worse (higher) drive voltage or lower linear modulation 
coefficient and worse fifth order nonlinear distortion. 

Antipodal splitting offers additional advan- 
tages such as circuit implementation for broadband opera- 
tion and impedance matching. Ideally, the two frequency 
responses of the two tandem devices should be identical, 
in which case/ by proper biasing of the devices, the 
third order intermodulation distortion can be made to 
vanish. A mathematical analysis of tandem device opera- 
tion over a frequency range in terms of the impact of the 
voltage to lightwave frequency responses of the two 
tandem devices on the total intermodulation distortion 
shows that any difference in those two frequency re- 
sponses, henceforth to be called frequency response 
imbalance, generates excess nonlinear intermodulation 
2 0 distortion. 

This may be understood by the following argu- 
ment considering a dual tandem device displaying equal 
frequency responses from each of the two splitter arms to 
the lightwave signals (Fig. 14a). Using block diagram 

25 manipulation techniques of linear systems, this is equiv- 
alent to factoring out the frequency response block ahead 
of the splitter (rig. 14b) which yields a system with 
perfect third order cancellation, as the output of the 
common frequency response block can now be considered as 

30 a new effective input to an ideal tandem device. This 

consideration shows that dual tandem devices can operate 
well with arbitrary frequency responses, as long as the 
equal frequency responses affect both stages. This 
presents a very important advantage of the tandem schemes 

35 described in this disclosure vs. other tandem schemes 
described in prior art, e.g. M.L. Farwell and W.S.C Chang, a 
directional coupler modulator with improved linearity, Broadband Analog and 
Digital Optoelectronics, Santa Barbara, LEOS 1992 , which are adversely 
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affect d by frequency response effects. In th se 
devices, a single modulating voltage is applied to one on 
the several tandem stages resulting in a degradation of 
the linearization at higher frequencies as the velocity 
5 mismatch between the optical and electrical waves 

degrades the frequency response, in contrast, our device 
linearization operation is totally unaffected by the 
velocity mismatch mechanism which is the main degrading 
mechanism of modulator frequency response at high 

i° frequencies. 

The embodiment of the antipodal splitter taught 
in this invention further reduces the frequency response 
imbalance in addition to optimizing the drive voltage and 
the static fifth order distortion. Thus, the antipodal 

15 splitter yields a lower third and fifth order distortion 
over a broader frequency range. 

Ease of realization is another advantage of the 
antipodal splitter in terms of implementation. It is 
possible to realize antipodal splits using structures 

20 based on simple transmission line transformers, as de- 
scribed below. Transmission line transformers have good 
broadband properties and naturally yield balanced in- 
phase or anti-phase splits. 

The broad frequency range precludes the usage 

25 of transformers with windings. Rather, transmission line 
transformers have to be used. But such transformers 
yield splitting ratios which are equal in magnitude and 
either in phase or in anti-phase. To achieve unequal 
imbalanced drives (e.g. as required in ref. "Skeie and 

30 Johnson") , a pad (an attenuator) could be inserted in the 
splitter output arm where the signal is too high. Such 
pad is, of course, also required to be broadband, but the 
parasitics of the pad will generally affect the frequency 
response of the arm in which the pad is inserted. The 

35 need for additional tuning of the pad defeats the purpose 
of achieving the linearization optically rather than by 
complicated compensation of the electronic driver. In 
contrast, once the requirement for antipodal drives is 



specified, a transmission line transformer generates the 
desired antipodal signals with good frequency match over 
a broad range. 

Another benefit of embodying the antipodal RF 
splitter by means of transmission line transformers is 
realized upon considering that the typical modulator 
traveling wave transmission line characteristic imped- 
ances are 25n, with recent results in modulator design 
achieving 50n line impedances. These two values natural- 
ly appear in certain transmission line transformer split- 
ting structures driven by amplifiers with conventional 
500 loads. 

Preferred Embodiment 
With reference to Fig. 15, a broadband optical 
transmitter is based on a linearized Double BBI cascaded 
dual tandem optical modulator formed on an electro-optic 
material substrate such as LiNb0 3 by depositing optical 
waveguide patterns comprising a YJ-IF-DC first stage 61 
coupled to a DC-IF-DC second stage 63. Both are BBI 
stages, but the DC with input ports 91 and output ports 
93 is common to both. The YJ 65 has an input waveguide 
67 receiving light from CW laser 69. YJ output guides 71 
and 73 are spaced at appropriate distances to make them 
optically decoupled for forming an IF section 75. A 
first IF electrode 77 applies a bias voltage V IF1 to the 
IF section via the electrode 77, with the ground refer- 
ence provided by electrode 84- A leg of a radio frequen- 
cy modulating signal comes from RF splitter 80, which may 
be a transformer, via transmission line 79 to electrode 
SI, which is the center electrode of a three electrode 
coplanar traveling wave transmission line formed by 
electrode 81 together with the ground electrodes 85, 87. 
A load resistor 83 is provided to terminate the transmis- 
sion line. The electric fields in the gaps between 
electrode 81 and the ground electrodes modulate the IF 
waveguides phase retardation by means of the electro- 
optic effect. A DC output section 91, 93 is butt-coupled 
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to the two IP sections 75 and 95 of the two stages. A 
coupler electrode 95 feeds a coupler voltage, K C1 , to 
the first coupler. Selection of appropriate voltages for 
optimal tuning is discussed below* 
5 The second BBI stage 63 is similar in construc- 

tion to the first. A second bias IF electrode 97, re- 
ferred to ground electrode 104, applies a bias voltage 
V lf2 to the IF section via the electrode 97. A second leg 
99 of the RF modulating signal comes from RF splitter 80, 

10 with the two leg voltages being balanced, i.e., of equal 
amplitudes and the second leg being either in phase or 
out of phase by 180 degrees with the first leg. In the 
in-phase case, bias voltages V {n , V Jf2 should be applied 
such as to bias the devices on opposite slopes of the L-V 

15 characteristic, whereas in the anti-phase case, the IFs 
should be biased on slopes of the same sign. 

The RF signal is applied via transmission line 
99 to electrode 101, the center electrode of the coplanar 
traveling wave transmission line formed by electrode 101 

20 together with the ground electrodes 105, 107 and termi- 
nated by a load resistor. A DC output section 111, 117 
has an associated coupler electrode 115 feeding a second 
coupler bias voltage, V c2 . A pair of output waveguides 
117 and 119 deliver modulated output signals P Q1 and P^ 9 

25 The two bias voltages applied to the coupler electrodes 
95 and 115, namely V c ^ and V C2 and the bias voltages 
applied to the interferometer bias electrodes 81 and. 101, 
namely V in and V m , are generated by parametric feedback 
controller 121. A fiber optic splitter 123 taps a 

30 fraction of one of the optical signals and feeds it to an 
optical receiver 125 which photodetects the optical 
signal and feeds a proportional electrical signal to be 
analyzed for the presence intermodulation distortion 
products by the controller 121, which will be described 

35 further below. The intermodulation products are derived 
from at least one pilot tone generated by the controller 
121 at output 130 and injected into the a summing node 
127 wherein the pilot tones are combined with the signal 
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input voltage 129 and applied t splitter 80. Another 
possibility is to inject each of the two pilot tones 
generated by the controller into each of the IF sections, 
either by summing each of those tones by means of bias 
5 tees into the output legs 79, 99 of the splitter 80, or 
preferably summing each, of these pilot tones together 
with the bias control voltages V in (131) and V tn (135) 
into the IF bias electrodes 77 and 97. The controller 
121 monitors second order interraodulation products of the 

10 applied pilot tones, as detected at the output of receiv- 

er 125, and generates the bias voltages V in and V m so as 
to substantially null those intermodulation products, 
according to the principle of operation of parametric 
control loops as described in the co-pending patent 

15 appl icat ion " Optical transmitters linearized by parametric feedback", 

Serial No. 07/378,328. Similarly, the controller 121 can 
monitor third second order intermodulation products of 
the applied pilot tones, as detected at the output of 
receiver 125, and closed loop control at least one of the 

20 two bias voltages K c1 (133) and V a (137) so that to 
substantially null the third order intermodulation 
distortions. 

Electrical Splitter Implementation 
2 $ The realisation of the balanced broadband 

electrical splitter 80 has one electrical input for the 
modulating signal and two RF outputs driving the two IF 
sections, such that the modulating signals generated are 
antipodal, namely they are either in-phase or anti-phase 
30 and are equal in magnitude over as broad a frequency 

ranges as accurately as possible, in a typical implemen- 
tation for the current CATV systems, the frequency range 
would be 50 to 550 MHz, Future CATV systems would re- 
quire an upper frequency range in excess of 1 GHz. 
35 A classical narrowband realization of a split- 

ter is as a balun transformer with windings on a f errite 
toroid, as shown in Fig. 16. This would have a limited 

bandwidth of the order of octaves at most and would 
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therefore not be suitable f r broadband applications. 
The limited bandwidth of the transformer is due to the 
parasitic inductances and capacitances of the windings in 
Fig. 16. 

5 The preferred embodiments for balanced split- 

ters with widest bandwidth and best match between the 
frequency responses of the two arms are transmission line 
structures such as baluns and hybrids. Transmission 
lines with characteristic impedances matching the source 

10 and load resistors ensure broad bandwidth, good impedance 
match and low loss. Parasitics are minimized, because 
voltage and current ratios are based on combinations of 
cable impedances rather than numbers of turns. The 
bandwidth limitations of transmission line transformers 

15 come from parasitic shorted transmission lines introduced 
when one end of a cable is grounded. The effect of these 
lines is minimized by sheathing the coaxial cables in 
f errite , 

The parasitic lines result from currents on the 

20 outside of the coax, whose effect can be understood from 

Fig. 17a which shows a partial balun with currents and 
voltages, the voltages have signs corresponding to the 
input signal and assume no delay through the coax. An 
electrical model of the structure is depicted in Fig. 

25 17b. The coaxial cable can be modeled as coupled trans- 

mission lines and a shorted stub to ground. Currents and 
voltages between the inner conductor and the inside of 
the shield are effectively isolated from ground. This 
creates a coupled pair of lines with infinite even mode 

30 impedance. The outside of the coax does have an imped* 

ance with respect to ground. The outside of the coax 
forms a shorted stub which uses the ferrite as part of 
its dielectric. As shown in Fig. 17b , this leads to an 
asymmetry through current I z , which reduces the balance 

35 of the balun. Therefore, a wire must be added to the 

inner conductor, which has the same effect as the outside 
of the shield. This may be done with a wire of diameter 
equal to the coax and a similar piece of ferrite as that 
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which surrounds the coax. The final structure (Fig. 17) 
is well balanced at all frequencies and provides decades 
of bandwidth and low loss. The electrical model of this 
compensated balun in shown in Fig. 19. 
5 Additional critical parameters of these trans- 

formers are isolation between loads and signal balance at 
the outputs. The isolation between the output ports 
depends primarily on the source impedance match. This is 
because any reflection from one of the loads would create 

10 a signal back into the source impedance. This signal 

would be terminated if the source is 50 ohms and partial- 
ly reflected if the source is not 50 ohms. The secondary 
reflection would be equally split between the loads and 
be seen as less than perfect isolation. The transmission 

13 line hybrid shown in Fig. 20 embodies an antipodal 

splitter with improved load isolation. In addition, it 
provides decades of bandwidth with higher loss, and the 
isolation depends on the balance between the matching 
resistor and the transformer output impedance. The 

2 0 output signals of such a transmission line transformer 

are balanced in magnitude and are anti-phase. Similar 
structures can be realized to achieve in-phase splitting 
as veil. 

2 5 Optimal fabrication 

In the preferred embodiment , the two DCs are 
symmetrically fabricated yielding 6 = 0 (i.e., the wave- 
guides are nominally made identical, except for fabrica- 
tion imperfections). The fabrication parameters (e.g., 

3 0 waveguides dimension and the dopant concentration) are 

chosen so as to make the >c parameters correspond to 
values of the r v r 2 parameters in the vicinity of the 
optimal values 

r?* = 0.81201 rf = 0.11637 (24) 

35 
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These optimal values were obtained in the course of the 
disclosed optimization analysis, the objective of which 
was to null the third order power series coefficient of 
the transfer characteristic while simultaneously both 
maximizing the first order (linear modulation) 
coefficient and minimizing the fifth order normalized 
distortion: 

* 3 or. rs*)-»o d x (r>»rp)-*Max (i-M-*) -> Mi„ QS) 

As was proven, the optimization of linear slope and fifth 
order coefficients occur simultaneously, so in the 
sequel, we only mention the maximization of rf,, with the 
understanding that the minimization of ^ is implied once 
</, is maximized. 

• To account for process imperfections, it is 
necessary to apply final fine tuning by means of bias 
voltages K c ,, exerted on at least one of the two 
couplers. Coupler tuning is attained by means of either 
the a p effect and/or by the Ak effect. 

■ r i< v .i>-r,(K(v cl ),5(v el )) 

r j( y c 2 )=r 2 (K(V e2 ),5(V e2 )) <26) 

The most practical tuning means requiring minimal 
voltages are those involving predominantly A/9 tuning, as 
25 disclosed in this invention. Consequently, as is widely 
toiown, the proper crystal cut and electrode placing 
should be chosen in the preferred embodiment to implement 
A (3 couplers. 

The objective of the fine tuning is to null out 
the third order Taylor series coefficient of the transfer 
characteristic, but unless a full two-degrees of freedom 
search in the V cX , plane is performed in an attempt to 
locate their optimal values, the objective of maximi- 
zation of the linear slope is slightly compromised, i e., 
the resulting linear slope is going to generally end up 
not at its peak value but close to it. in mathematical 
terms, there exist solutions such that d, = 0 which do 
not necessarily maximize However, in the vicinity of 
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the optimal s lut ion there exist quasi-optimal solution 
such that = o but d y is almost maximized. 

The actual process of tuning the coupler volt- 
ages could be performed either open loop or closed loop. 
In the open loop case (which is actually a closed loop 
through a human operator) , the bias voltages adjustment 
procedure starts by applying a multitone rf signal to 
the splitter and monitoring in the optical output (after 
electrical detection by means of a photoreceiver 125) 
third order intermodulation products of some or all of 
the RF tones (henceforth called test beats) . in the 
process, one of the coupler voltages, say V cu is ini- 
tially set to zero, and is manually adjusted to 
minimize the detected test beat. The level of one of the 
fundamental tones (henceforth called test fundamental) is 
also recorded. Then as V zy is progressively set to 
various values, is set to minimize the level of the 

test beat. V^* is the level of F cl which maximizes the 
test fundamental, and the optimal value f or V a is 
that which minimizes the test beat once V*>* is chosen. 
In other embodiments, at least one of the couplers is 
passively fabricated as close as possible to its optimal 
value as to minimize the test beat. 

A second set of tuning voltages V ]ft[ , K ]F2 are 
25 applied to the interferometer sections. These voltages 
are intended to counteract undesired distortion in the 
transfer characteristic due to a p tuning of the cou- 
plers. Even if fortuitously the optimal values were 
achieved with bp « 0 setting of the couplers, it would 
30 still be necessary to apply tuning voltages to the inter- 
ferometer sections to null out the even order distortion 
since random and time-varying phase biases can be gener- 
ated in the interferometers, as is well known. When A p 
tuning is used, interferometer tuning voltages have the 
35 additional purpose of counteracting even-order distor- 
tions induced by variations of A p. 
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In the preferred embodiment / separate lumped 
electrodes (77 and 97 in Fig. 15) are used to apply these 
bias voltages. As an alternative, "bias tee" circuits, 
combining RF and DC bias voltages and applying them to 
the rt electrodes, can be used, in the preferred embodi- 
ment, traveling wave electrodes, e.g. coplanar struc- 
tures, are used to apply the RF modulating voltages, as 
shown in Fig. is. However, the principles of this inven- 
tion equally apply to lumped electrode structures. 

We have seen that the coupler voltages could 
really be adjusted independently. In other words, for 
every setting of one of the coupler voltages, say V cyt 
there exists a setting of the other coupler voltage V c2 
such that rfj = 0 . A similar degree of freedom does not 
15 apply to the tuning of even order bias voltages by means 

of the bias voltages to the IF sections. Both of these 
voltages need to be simultaneously tuned to specific 
values in order to cancel all even order distortions. 
Thus, the tuning of the IF bias voltages to the optimal 
20 values is a simultaneous two-degrees of freedom endeavor. 

The preferred method to tune the IF bias voltages is then 
solely by means of parametric closed loop feedback 
controller (121 in Fig. 14). A similar method could be 
applied for closed loop tuning of the coupler voltages. 
25 These methods are similar to those taught in co-pending 

patent application 'Optical transmitters linearized by parametric 
feedback*' Serial No. 07/378,328. Pilot tones (130) 
generated by the controller are injected to the IF 
sections (either in the bias or the rf electrodes) and 
30 the generated second order intermodulation products 

(pilot beats) are monitored by the controller 121 via the 
optical receiver 125- The feedback loop works by feeding 
back quasi -DC bias voltages proportional to the beat 
signals until these pilot beats vanish. 

35 
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Mathematical Derivation of Transfer Characteristics 
In this section we derive the device transfer 
characteristics and their power series representations as 

a function of the various device parameters and applied - 
5 bias voltages. The mathematical results derived here are 

the basis for the embodiments described above. Next sec- 
tion takes up the optimization of the transfer character- 
istics. 

The general form of the L-V transfer character- 
io istic is given by Eg. 1. Each of the disclosed devices 

correspond to one of two types of mathematically generic 
L-V characteristics depending on whether a single wave- 
guide or two waveguides connect the two sections. The 
dual tandem devices disclosed in this invention are 
15 driven simultaneously by linearly scaled versions of a 

single (normalized) input voltage 0 

*i = r i* * 2 = r 2* (27) 

applied to the modulating electrodes of the two stages* 
20 The generic transfer characteristic 

Pit) = ?'<r,$ + Ti lf r 2 $ + Ti 2 ) (28) 
is expressed as a function of a single, variable $ which 



30 



is the normalized input voltage to the splitter; n 



1' ^2 



25 are bias phases related to the applied bias voltages on 
the modulating electrodes of the two stages. 

Type I: single waveguide connecting the two sections: 

DMZ, MZBBf, split tandem devices 
in most general terms let the transfer charac- 
teristics of the two sections be 



Kz'PaQiW <29> 

35 Since a single optical waveguide connects the two 
sections 

r n = f ol (30) 
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yielding 

'<*(♦> »^i(«/ a (w (31) 

i.e. type-I characteristics essentially multiply upon 
tandem cascading. 

Therefore the DM2 and MZBBI devices have an L-V 
characteristics given by 

^(♦ r * 2 ) = ^[^fljsin^)] [l±fl a sin(0 2 )] (32) 
where the average optical power is given by 

- Pi* 

F = 4Z < 33 > 

with P if% the input optical power, A is the excess loss 
through the device (expressed on a linear scale) , the 
factor of 1/4 is contributed by two factors of 0.5, one 
for each section, and a,,^ are coefficients determining 
the extinction ratio (ratio of the maximum optical power 
obtained for the plus sign to the minimum power obtained 
2P for the minus sign) . The extinction ratio is a function 

of the ideality of the Y-junctions and the setting of the 
coupler cross-over ratio. Infinite extinction ratios, 
corresponding to a, = 1 « ^ are obtained for 50%/50% YJ 
and coupler settings. 
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Type II: Two waveguide ports connecting tfie two sections: 
DBBI and BBIMZ devices 
In this case corresponding to the DBBI and 
BBIMZ devices, the characteristics of the two stages do 
not simply multiply since the two inputs to the second 
section are coherent. The analysis is to be performed in 
terms of transfer matrices. 

The BBIMZ case can be treated as a special case 
of the DBBI case having the same transfer characteristic 
as the upper port of an equivalent DBBI device with a 
second 50%/so% coupler, therefore we only consider the 
DBBI device further. 
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Using Eq. 12 with the input field vector given 
by equal amplitudes normalized to unity corresponding to 
the output of the first Y- junction, 



15 



20 



25 



3 0 



(34) 



one computes the normalized output intensity at the upper 
output as the squared modulus of the electric field 

10 (35) 

using the elements of the transfer matrix AT. By virtue 
of the unitarity of the M matrix (conservation of 
energy) the intensity at the lower output is 
complementary being given by 2 - /, i.e. it suffices to * 
treat the upper output. 

The transfer matrix for a DBBI device is given 
by a matrix product corresponding to a cascade of IF and 
DC matrices. 



M = C[K 2 ,5 J ]F[^ + Ti 2 ]C[K i ,6 1 ]F[ < |> 1 +ii | J (36) 

which reduces to 

M = C [K 2 , 0] F [* 2 ] C [K v 0] F [^J (37) 

for the special case of symmetric couplers 6^ =* o = s t 
and no IF biases, = 0 - n 2 . Applying the matrix (Eq. 
37) onto the vector (Eq. 34) according to Eq. 12 yields 

*7--*iV 1 *~°*+jW < ^ , " wa +y*,^ 

Physical insight into this expression can be obtained by 
following the four possible paths to reach the upper 
output port through the upper and lower waveguides of 
the IF sections of the two stages of the DBBI modulator. 
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Symmetric Ak couplers and no IF biases 
Applying Eq. 35 to find toe squared modulus or 
the last: equation yields 

/«M 2 ) = 1 +/,sin(4i l ) +/ A sin(* | + «fr 2 ) -/ 2 sin -« 2 ) (39) 

therefore 

(« r * 2 ) = PI($ V * 2 ) (40) 

with 

wherein the coefficients /,,/ A ,/ 2 depend on the coupling 
ratios of angles Y 1 #Y 2 of the two couplers: 

15 

/ 1 = sin(2y 1 )cos(2y 2 ) 

f A = un'(2Y 2 )tes- 2 ( Y |> " (42) 

/ 2 =: an(2Y ? )sin 2 iYi) 
20 In the antipodal splitting case 

$ x = * 0 2 = (43) 
the transfer characteristic further reduces to: 
25 '(♦) = l+/i»n(W -/ 2 sin(24» (44) 

Asymmetric and A/J couplers transfer cfiaracteristic 
The mathematical derivation of the L-V 
characteristic taken up in this subsection establishes 
30 why a A coupler cannot be trivially combined with the 
work of Kef. Skeie and Johnson. It is shown that 
substituting a AjS coupler for the Ak couplers taught 
there would yield considerable nonlinear distortion of 
even order. 

35 The parameter y of the asymmetric coupler 

depends on both the applied voltage (6) and the coupling 
coefficient ic rather than on k: alone (Eq. 15). The 
magnitudes of the coupling coefficients are how given by 
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expressions analogous to the case of the symmetric 
coupler, with r <_> Y i. e . th e coupling parameter r of 
the asymmetric coupler (Eq. 16) plays the role of the 
coupling angle Y for the symmetric coupler. However, 
because of the presence of the phaseshifts ± A the 
diagonal matrix elements of C [k ,6] are no longer real. 
For the antipodal drives case (Eq. 43) , which is of most 
interest as being the optimum splitting ratio, the 
transfer matrix is 

M = C [k 2 , * 2 ] F [- (* + r\ 2 ) )C[k v S t ) F + n, J (45) 

Performing the matrix multiplication indicated in Eq. 12 
now yields 

E-t-Xxki^+jkiK^-K^^+jKfoe-*^ (46) 

with. 



a y = n,/2+Ti 2 /2 cs 4 = -n^-ijjrt+Aj 
leading to the final results 

/ = I„ +/ 2 sin (2*0 +/ le cos ($') -f u sin (2*') 

with 

25 h * I + (Cl-Dcos 2 (r,) *'=<> + A* 

c 2 A m cos (r 2 ) /*■ + sin (r 2 > /*» 
f u = c? 2 sin (2r,) cos (r* 2 + r 2 > f u = c 2 su» (2r,> sin <r- 2 - r 2 ) 



(47) 

(48) 

(49) 
(50) 
(51) 



It is apparent that even order cosine terms 
appear in the transfer characteristic, therefore the t 0 
couplers do not appear to be directly usable, even though 
they are the most convenient way of tuning the device to 
the optimum odd order characteristics. The following 
analysis establishes that these even order distortions 
can be biased away by a combination of interferometer 
biases as mentioned in the best mode section. 
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Tuning of asymmetric and LP couplers 

It: is the phaaeahifta ± A of the diagonal terms 

of the coupler transfer matrices that lead to even 
symmetry cosine terns. The investigation disclosed in 
5 this application has established that it is possible to 
compensate for the phaseshifts + A by applying static 
bias voltages n 1f n 2 to the electrodes of the two 
interferometer sections. Under the prescribed interfero- 
meter biasing voltages, the transfer characteristic is 
10 reduced to that of symmetric couplers. 

This result is far from trivial. Since the 
intent is to counteract phaseshifts in each of the 
- couplers, it might seem that it might be achieved by 
applying opposite phaseshifts in each of the interfero- 
meter regions corresponding to each of the couplers. 
However, the results derived below show that the tuning 
voltage applied to the second IF section depends on both 
couplers, indicating a more complex situation. 

Examining Eq. 46 it is apparent that this 
expression differs from the case where A 0 - 0 (Eq. 38) 
by the presence of the phase factors a,. The key to 
reducing the current case to the case &0 = 0 is requiring 
that all these phase factors be equal: 

a. = a. = a. = a 4 (52) 
25 1 3 

Under such constraint the common phase factor 
can be factored out of Eq. 46 and discarded since a phase 
factor has no impact on the output intensity. Thus, if 
the device can be biased such that the condition (Eq. 52) 
holds, the analysis is reduced to that of the symmetric 
coupler case. Solving Eq. 47 under the constraint Eq. 52 
yields the condition 

° H 2 = A l +A 2 (53) 

35 Thus, by application of interferometer tuning voltages as 
given by the last equation a null for the third order is 
attainable without paying the penalty of even order 
distortion. Once the appropriate even order IF biases 
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are applied, the mathematical optimization results 

disclosed for the symmetric couplers case all hold 
provided y - r. in particular tuning of the couplers for 
null third order distortion, for minimum normali 2 ed fifth 
5 order distortion and for maximum linear modulation 

coefficient is possible, and in fact is facilitated by 
the usage of A p couplers which are more readily tunable 
than the Aic symmetric couplers- It is apparent that due 
to the coupling of interferometer bias voltages implied 
10 by Eq. 53 and the dependence of the A phaseshifts on the 
coupler tuning voltages which may affect both 6 and k 
(Eq. 17, Eq. 14), all control voltages are interrelated, 
calling for the tuning procedures and the usage of 
parametric control loops which we disclose here similar 
15 to the ones discussed in our co-pending patent 

appl ication M Optical transmitter linearized by parametric feedback 11 
Serial No. 07/373,328. 

These bias means are used in order to apply 
n,,^ bias voltages to the interferometer sections in 
20 order to null out the second order distortions, while at 

the same time control voltages are applied to the tunable ■ 
A 0 -couplers in order to null out the third order 
distortions. Such control loops work by injecting pilot 
tones (Fig. 15) to the electrical inputs and monitoring 
25 the second order intermodulation distortions of these 
pilot tones in the optical outputs, then feeding back 
voltages to the couplers in such a way that the negative 
feedback action results in the correct bias voltages for 
those intermodulation products to vanish. What we are 
30 disclosing here then is A/? tuning of the couplers in 
the OBBI and BBIMZ devices to the point of null third 
order distortion, while simultaneously correcting for 
second order distortions generated in the process of A p 
tuning by applying bias voltages on the two interferons 
35 ter sections in order to tune away the second order dis- 
tortions. The voltages on the interferometers are ap- 
plied by means of a parametric closed loop system which 



WO 94/06042 



-38- 



PCT/US93/08117 



nulls the distortion products in the optical output as- 
sociated with electrical pilot tones injected in the 
input. 

5 Optimization of Type J Transfer Characteristics 

We here derive optimum solutions for the type I 
transfer characteristic, in accordance to the teachings 
of this invention the most efficient type of splitting 
ratio for driving the two section electrodes is the 
0 antipodal split (Eq. 42) which when applied upon Eq. 32 
in conjunction with some arbitrary additive phase biases 
and n 2 yields 

/(<») = [l+ajSinCt + ii,)] [l+<7 2 sin(-$ + ii 2 )] (54)' 

The last equation is developed into a power series and a 
system of three equations is set up, corresponding to 
nulling the second, third and fourth Taylor series 
coefficients, isince there are four parameters and only 
three equations, a, is arbitrarily set to unity 
corresponding to an infinite extinction ratio in the 
first stage. Solving the system with respect to the 
remaining three parameters yields: 



5 



= 0.226681 n 2 = -1.34412 a x - I a 2 = 0.230645 



(55) 



The power series expansion of Eq. 54 with these 
parameters is 

/ (♦) = 0.949 + 0.692* + 1.145 X 10"V - 4.17 X 10" V 3 » 3 649 X 10" V - 0.023* 5 (56) 

In fact, numerical expansion of the series to higher 
order indicates that all even coefficients are nulled, 
even though we only required the nulling of the second 
and fourth order coefficients in obtaining the parameters 
of the last equation. An example of linearized modulator 
devices which can implement this transfer function are 
shown in Fig. 6. The parameter a z (Eq. 55) determines 
the cross-over coefficient of the directional coupler. 
There is a 3 dB inherent optical loss for the type I 
devices shown in Fig. 8b and Fig. Sd because a MZ device 
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is used in the first stage rattier than a BBI device. It 
is possible to have type I devices with this 3 dB loss 
eliminated by introducing split tandem arrangements 
5 wherein each of the outputs of the first BBI stage are 
connected to a branch consisting of device with single 
input (Pig. 11) . 

Mathematical Optimization of Type J I Transfer 
10 Characteristics 

The parameters over which the optimization is 
performed are the optical directional coupler cross-over 
coefficients (or alternatively the coupler angles 

Y^Yg), and the electrical splitting ratio p m r y zr z . The 
15 optimization criteria are the minimization of the 

normalized fifth order coefficient and the maximization 
of the linear modulation coefficient under the constraint 
that the third order coefficient be nulled. 

In order to cancel the third order coefficient, 
the signs of r u r 2 have to be opposite, i.e. r,r 2 < o. 
Two cases can be considered for the electrical splitting 
ratios, which correspond to deriving an imbalanced 
splitter by taking a balanced splitter and placing an 
attenuator with voltage attenuation P < 1 in either the 
25 splitter output arm connected to the first modulator 
stage or the splitter arm connected to the second 
modulator stage, the two cases being labelled p;l and 
l:p, respectively. 

With the splitter placed in the first output 

30 arm 

4>i = -p4v 4> 2 = ♦ (57) 

and Eq. 39 yields 

35 'p:i(« » l-/iSin(p$)+/Asin((l-p)*)+/ 2 «n((l+p)^) ( 58 ) 

with the splitter placed in the second output 

arm 

*i = * 2 = ~P<t> (59) 
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and Eg. 39 yields 

= 1 ViSin(pW+/ A sm((l-p)O)-/ 2 sin((l+p)0) (60) 

Expanding these equations into a power series 

/ p: t«>> = l+rf|> + rfsV + rf 5 y + -..- (61) 



yields 



and 

10 / t: P W = l+^^3V^sy+». (62) 

with coefficients given by 

<V = -/iP+ (i-p)/ A +/ 2 (i +p) 

d 3 ' = | I-/2 ( 1 + P) 3 "/a ( 1 - P) 3 +/,P 3 ] 
<V = ^5 [-/, P 5 +/ A ( 1 - P) 5 +/ a ( 1 + P ) 3 J 



(63) 



and 



V=/i+ (1"P)/ A -/ 2 (1 + P) 
rf3*-gEf20+P) 3 -/ A (l-p) 3 -/.] 

rf5 ' = T56 t/ > +/ A< 1 -P> 5 "/2( 1 + P> 5 ] 



(64) 



It is apparent that the third order coefficient 
4 is a difference of terns and can be nulled by having 
the composing positive and negative terms balance out. 

Fig. 22 through Pig. 25 describe the contour 
plots for the functions 4 [J^,p] and 4 nopn [JS^pj for the 
two cases p:l and l:p. The tickmarks are in percent and 
the ranges for the axes are K^c [0 # 1] and pe [1,0]. in 
the plots for higher values are brighter whereas in 
35 the plots for dj° m lower values are brighter. Thus both 
the minima and maxima respective extrema are the 
brightest areas. 
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Because of the fact that for every p there is a 
maximum iq for which the ^ - o constraint can he met 
(Fig. 21) , given a particular p value there are no 
solutions with A- above a certain JC*'"*' (p) , This 
effectively amounts to the existence of a forbidden 
region in the upper right comer of the ^ e [0,1], p € 
.[1,0] plots (Fig. 26). This means that the extrema in 
the upper right corner of Pig. 22 and Fig. 24 are extra- 
neous mathematical solutions. Only the extrema in the 
lower left corner of all four figures are physically 
meaningful. Notice the maxima for ^ in both cases p:i 
and l:p occur on the lower horizontal axis p = .1, whereas 
the (meaningful) minimum for d™™ in the p:i case also 
occurs on the horizontal p = 1 axis. The numerical 
15 analysis derives both extrema at 

- (KfSJCS*) = '(0.1161,0,7256) (65) 

with the values 

= 0.728745 (66) 

(67) 
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25 



^ « -0.118189 



However in the 1: p case the minimum for d^**™ seems to be 
somewhat shifted to the lower left part of the plot 
whereas the maximum for d, still occurs on the p = l axis 
at the same {K*\l<2*} values as for the p:l case. The 
position where the minimum of d^° m occurs is 

( **P , i:p = (0.214699,0.681034) (68) 
30 and the value of the minimum is 

^™)Tp = 0.116094 (69) 

The value of this minimum differs only by a negligible 
amount of from that of Eq. 67 which occurs for p = l. 
35 This is also evident from Fig. 26 which shows that the 
bottom zone of ^ no ™ is very broad extending down to the 
P = 1 axis and enveloping the point 
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In summary, the linear modulation coefficient 

<*, is maximized at p = 1. The fifth order distortion 
d™ m is substantially minimized at this same value of 
the splitting coefficient being less than 2% higher than 
5 its global minimum - We have already discussed the ad- 

vantages of working with an antipodal splitter in terras 
of broadband operation. Therefore the optimum solution 
taking all considerations into account corresponds to 
the antipodal electrical splitter, for which there are 

10 values of coupling ratios of the two couplers such that 
the transfer characteristic is simultaneously optimised 
for maximum modulation efficiency (maximum first order 
coefficient) and best linearity (null third order coef- 
ficient and substantially minimum normalized fifth order 

15 coefficient) • 

At this point it is possible to assess the 
nonoptimal performance of the previous art work of Skeie 
and Johnson, which corresponds in our notation to using 
the i:p configuration with p = 0,5 and with A, =» * 

20 sin (29° ) , yielding = {0.547/ -0.132) and d^° m =* 

-0.13 which values are respectively worse by 2.5 dB and 
0.9 dB than our optimal values. 

Next we undertake an analytic derivation and 
optimization of the nonlinear coefficients in order to 

25 verify and further clarify the operation of type II 

devices with antipodal splitting and to obtain explicit 
expressions and plots of the optimal transfer 
characteristics. 

3 0 Analytic optimization of coupler ratios for best 

linearity and modulation efficiency in ike antipodal 
splitting case 

The optimization above has been numerically 
derived. Once the optimality of antipodal splitting has 
J5 been established, a full analytical solution is 
obtainable for the optimization problem. It is 
instructive to pursue such analysis in order to verify 
the numerical results and obtain more insight. 
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Third order cancellation 

Consider the transfer characteristic for p « x 
(Eq. 44) which is a Fourier series with two terms. We 
note that this characteristic is apparently linearizable 
5 as the second sine term sin (2#) can be used to cancel 
the third order nonlinearity of the first sine term sin 
(*) . The power series up to fifth order for the 
normalized output intensity is readily derived: 

■..'->v.«-^»-*«»-¥^>-- 
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With 



(70) 



d = f-if \i 3/2-/1 . /|-32/ a 

<Wl-2/2 ^3=-g— ^--TS^ (71) 



Thus, from Eq. 71, the condition d^ = 0 yields the 
following condition on the Fourier coefficients: 

f\ = S/2 (72) 



Using Eg. 42 we obtain the following constraint: 

I = 4tan(7j)tan(2Y 2 ) (73) 

upon the satisfaction of which, the third order 
coefficient vanishes , yielding 

/ = l+rf l 0 + ^ 3 4> 5 (74) 



With 



*'i=6/2= a ^/i = 3^ 2 (Y 1 )8in(2Y 2 ) d $ = - S \ = ^ = - ^ (75) 

35 Notice that taking the two RF inputs in phase rather than 
in ant i -phase, 

0, = 4> 2 = 4> (76) 
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would yield 

= *">($) +/ 2 sin(2$) p 7) 

5 which can be shown to yield a third order coefficient 
which cannot be nulled out since /, and f z have the same 
sign. Thus, the in-phase case does not lead to a 
solution to the linearization problem. 

0 Optimization of first and fifth order coefficients 

Using the results above the compute the fifth 
order normalized coefficient yields 

5 d\ " ~30<ff 



5 



(78) 



It is apparent that by maximizing the driving efficiency 
d y one also simultaneously minimizes the fifth order 
distortions d s and d^""\ To analytically obtain the 
actual optimum coupler values Y r , y 2 one must solve the 
following optimization problem: 

Maximize d x (y v y 2 ) = 6sin 2 (y { ) sin (2y 2 ) (79) 

Subject to the constraint 1 = 4tan (y,) tan (2y 2 ) (80) 

The analytical solution of the above formulated problem 
is straightforward: 

y x = 0.81201 y 2 = 0.11637 (81) 

yielding the following values for the power series 
coefficients of Eq. 74, 

d { = 0.728748 d s = -0.0242912 <^ ono = = -0.118189 (82) 
The optimum output intensity power series is given by 

7 = 1+ 0.728748$ - 0.0242912$ 5 (83) 
The optimum Fourier coefficients are given by 

/, = 0.97166 f 2 = 0.121457 (8 4) 
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and the optimum transfer characteristic given by: 

/(♦) = l.+ 0.97166sin($)- 0.121457 sin (2*) (8: 

represents the best performance possibly attainable with 
a DBfil device in accordance to the teachings of this 
invention. 

This transfer characteristic is graphically 
compared to an unlinearized raised sine transfer charac- 
teristic and a straight line tangent (Fig. 27). 
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Claims 

1. An optical modulator comprising 

a plurality of electro-optic modulator stages, 
each modulator stage having at least one optical wave- 
guide input port and at least one optical waveguide out- 
put port, said modulator stages being cascade coupled 
together in a tandem arrangement such that input ports of 
one stage are connected to output ports of a previous 
stage, each modulator stage also having electrode means 
for applying electrical voltages thereto, at least one of 
said modulator stages being a balanced bridge interfero- 
meter (BBI) modulator with at least one directional 
coupler (DC) section therein, wherein at least one direc- 
tional coupler of at least one said bbi modulator is a 

A£ coupler, eaid at least one A ft coupler being charac- 
terized by a change in a relative phase delay, a 0, be- 
tween two coupler paths thereof, in addition to a change 
in a coupling coefficient, k , between said coupler 
paths, in response to a bias voltage applied to said A fi 
coupler, 

electrical drive means for applying modulating 
electrical voltages to said electrode means of each of 
said modulator stages, and 

means for applying said bias voltage to said 
A P coupler . 
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2. An apparatus for modulating a light beam comprising 

at least two integrated electro-optic cascaded 
modulator stages, including an input stage and an output 
stage, the input modulator stage having an optical wave- 
guide input for receiving a light beam and the output 
stage having at least one optical waveguide output, at 
least one of said modulator stages being of the balanced- 
bridge interferometer type with at least one directional 
coupler section, each stage having separate bias means, 
wherein at least one directional coupler of said at least 
one balanced-bridge interferometer type modulator stage 
is a A0 coupler, said at least one A p coupler being 
characterized by a change in a relative phase delay, A /?, 
between two coupler paths thereof, in addition to a 
change in a coupling coefficient, < , between said cou- 
pler paths, in response to a bias voltage applied to said 
A f3 coupler r 

means for driving the optical waveguide input 
of the input stage with a continuous wave light source; 

means for producing antiphase modulation of the 
light beam in said two stages simultaneously; and 

means for receiving a portion of the light beam 
emitted from each optical waveguide output of the output 
stage and deriving therefrom bias signals applied to said 
bias means, said at least one directional coupler sec- 
tion, including said at least one A p coupler, having 
bias voltages applied thereto which are selected to 
minimize third and fifth order intermodulation dis- 
tortions over all possible coupling ratio values. 



3. The apparatus of claim 2 wherein said means for de- 
riving said bias signals adjusts said bias signals con- 
tinuously in response to the received portion of the 
light beam. 
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4. The apparatus of claim 2 wherein said means for de- 
riving said bias signal adjusts said bias signals at dis- 
crete time intervals. 



5. The apparatus of claim 2 wherein at least one of 
said modulator stages is a balanced-bridge interferometer 
having first and second coupler sections, each coupler 
section having a cross oyer ratio substantially equal to 
0.5. 



15 6. The apparatus of claim 7 further defined by each 
modulator stage having an interferometer section, at 
least one interferometer section having ah electrode with 
one of said bias signals applied thereto. 
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7. The apparatus of claim 6 wherein said means for 
deriving said bias signals adjusts said bias signals 
applied to said at least one interferometer section to 
minimize at least even order interraodulation distortions. 



8. The apparatus of claim 2 wherein said coupling ratio 
is also selected to maximize the linear modulation coef- 
ficient over all possible coupling ratio values. 
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9. The apparatus of claim 2 wherein said third order 
distortion is substantially nulled and said fifth order 
distortion is at a minimum non-zero value over all poss: 
ble coupling ratio values consistent with said third 
order distortion being substantially nulled. 
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10. An integrated electro -optic modulator comprising: 

an input Y- junction having an optical input 
port for receiving light and having a pair of optical 
outputs; 

a first interferometer section having a pair of 
waveguides forming optical paths connected to receive 
light from the Y-junction optical outputs, said interfer- 
ometer section having a pair of optical outputs, said 
interferometer section having modulating electrodes dis- 
posed thereon for receiving an electrical modulating sig- 
nal such that light traversing at least one optical wave- 
guide is modulated in response to said electrical modu- 
lating signal, said interferometer section also having a 
bias means for receiving an electrical bias signal; 

a first directional coupler section having a 
pair of optical waveguides, said directional coupler 
having a predetermined coupling ratio, the coupler opti- 
cal waveguides being connected to receive the optical 
outputs of the first interferometer section, and having a 
pair of optical outputs, said coupler section having a 
bias means for receiving an electrical bias signal; 

a second interferometer section of like 
structure to the first interferometer section and having 
its waveguides connected to receive the optical outputs 
of the first directional coupler; 

a second directional coupler of like structure 
to the first directional coupler and having its optical 
paths connected to receive the optical outputs of the 
second interferometer section, said coupler having a pair 
of optical outputs, said outputs comprising a pair of 
modulator optical output ports; 
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20 



means for receiving an electrical modulating 
signal and deriving therefrom a pair of signals for 
connection, respectively to the modulating electrodes of 
at least one of the first and second interferometer 
sections ; and 

means for biasing first and second interferome- 
ter sections and at least one directional coupler to 
voltage levels adjusted to minimize intermodulation dis- 
tortion terms in the optical outputs and to maximize the 
linear modulation efficiency, wherein at least one of 
said directional couplers is a A £ coupler characterized 
by a change in a relative phase delay, A /?, between two 
coupler paths thereof, in addition to a change in a 
coupling coefficient, k , between said coupler paths, in 
response to a bias voltage applied to said A 0 coupler, 
said biasing means adjusting the voltage level applied to 
said A 0 coupler to minimize at least a third order in- 
termodulation distortion term and adjusting the voltage 
level applied to at least one of said interferometer sec- 
tions to minimize even order intermodulation distortion 
terms for tbe particular bias voltage level, applied to 
said A0 coupler. 



11. An integrated modulator as in claim 10 further in- 
cluding an RF splitter for receiving an RF modulation 
signal and for supplying first and second electrical sig- 
nals for connection to the modulating electrodes of first 
and second interferometer sections, respectively, said 
electrical signals being related in phase such that each 
of said electrical signals modulates the light traversing 
its respective interferometer section so that the optical 
outputs therefrom are substantially 180 degrees out of 
phase with respect to the other- 
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12. An integrated modulator as in claim li further in- 
cluding an electrical delay means, associated with elec- 
trical signal transport means connecting outputs of said 
RF splitter to said interferometer biasing means, for 
5 fine adjustment of said phase of said electrical signals 
such that propagation delays experienced by light in said 
two interferometer sections are compensated. 



10 



13. An optical modulator comprising 

a first electro-optical modulator stage having 
an optical waveguide input port, two optical waveguide 
output ports and a first electrical port, said first 
15 modulator stag/e characterized by a first 1x2 transfer 
matrix, 

a first branch of a second electro-optic modu- 
lator stage having two optical waveguide input ports, M 
optical waveguide output ports and a second electrical 
20 port, said first branch characterized by a second KxM 
transfer matrix one of said input ports of said first 
branch being butt coupled to a first one of said two out- 
put ports of said first modulator stage, 

a second branch of said second electro-optic 
25 modulator stage of like structure to said first branch 
having K optical waveguide input ports, N optical wave- 
guide output ports and a third electrical port, said 
branch characterized by a third KxN transfer matrix one 
of said input ports of said second branch being butt cou- 
pled to a second one of said two output ports of said 
first modulator stage, and 
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an electrical splitter forming a linear elec- 
trical network having an input connected to receive an 
input electrical signal and having three electrical out- 
put terminals connected to said first, second and third 
electrical ports for applying reapective first, second 
and third modulating voltages thereto, said modulating 
voltages being voltages derived from said input electri- 
cal signal and selected to minimise intermodulation dis- 
tortions of at least one order. 



14. The modulator of claim 
the group consisting of the 
N is also selected from the 
gers l and 2. 



13 wherein M is selected from 
integers l ana 2, and wherein 
group consisting of the inte- 



15. The optical modulator of claim 13 wherein K is a 
value selected from the set of integers consisting of l 



and 2 



16. An optical modulator comprising 

a plurality of electro-optic modulator stages, 
each modulator stage having at least one optical wave- 
guide input port and at least one optical waveguide out- 
put port, said modulator stages being cascade coupled 
together in a tandem arrangement such that input ports of 
one stage are connected to output ports of a previous 
stage, each modulator stage also having electrode means 
for applying electrical voltages thereto. 
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electrical drive means for applying modulating 
electrical voltages to said electrode means of each of 
said modulator stages, said modulating electrical 
voltages for all modulator stages being derived from a 
single input electrical signal, said electrical drive 
means including at least one electrical splitter connect- 
ed to receive said input electrical signal and adapted to 
split said received input electrical signal into at least 
two of said modulating electrical voltages proportional 
to said single input electrical signal, wherein said at 
least two modulating electrical voltages are selected to 
induce antiphase optical retardation modulation signals 
simultaneously in at least two of said modulator stages, 
said antiphase optical retardation modulation signals 
being proportional to said single input electrical 
signal. 



17. The modulator of claim 16 wherein said two modulating 
voltages have equal amplitudes of modulation. 



18 . An optical modulator comprising 

a plurality of electro-optic modulator stages, 
each modulator stage having at least one optical wave- 
guide input port and at least one optical waveguide out- 
put port, said modulator stages being cascade coupled ' 
together in a tandem arrangement such that input ports of 
one stage are connected to output ports of a previous 
stage, each modulator stage also having electrode means 
for applying electrical voltages thereto, 
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electrical drive . means for applying modulating 
electrical voltages to said electrode means of eacn of 
said modulator stages, said modulating electrical 
voltages for all modulator stages being derived from a 
5 single input electrical signal, said electrical drive 

means including at least one electrical splitter connect- 
ed to receive said input electrical signal and adapted to 
split said received input electrical signal into at least 
two of said modulating electrical voltages proportional 
10 to said single input electrical signal, wherein said 

electrical splitter comprises a broadband windingless 
transmission line transformer. 



19. The modulator of claim 19 wherein said transmission 
line is a coaxial cable with an outer conductor shorted 
at one end to ground and sheathed in ferrite material . 
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AMENDED CLAIMS 

[received by the International Bureau on 15 December 1993 (15.12.93); 
original claims 6 and 13 amended; other claims unchanged (2 pages)]* 

4. The apparatus of claim 2 wherein said means for de- 
riving said bias signal adjusts said bias signals at dis- 
crete time intervals. 

5 

5. The apparatus of claim 2 wherein at least one of 
said modulator' stages is a balanced-bridge interferometer 
having first and second coupler sections , each coupler 

10 section having a cross over ratio substantially equal to 
0.5. 



15 6. The apparatus of claim 2 further defined by each 
modulator stage having an interferometer section, at 
least one interferometer section having an electrode with 
one of said bias signals applied thereto. 

20 

7. The apparatus of claim 6 wherein said means for 
deriving said bias signals adjusts said bias signals 
applied to said at least one interferometer section to 
25 minimize at least even order intermodulation distortions. 



8. The apparatus of claim 2 wherein said coupling ratio 
30 is also selected to maximize the linear modulation coef- 
ficient over all possible coupling ratio values. 
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12. An integrated modulator as in claim 11 further in- 
cluding an electrical delay means, associated with elec- 
trical signal transport means connecting outputs of said 
RF splitter to said interferometer biasing means, for 
fine adjustment of said phase of said electrical signals 
such that propagation delays experienced by light in said 
two interferometer sections are compensated. 



10 

13 • An optical modulator comprising 

a first electro-optical modulator stage having 
an optical waveguide input port, two optical waveguide 
output ports and a first electrical port, said first 
15 modulator stage characterized by a first 1x2 transfer 

matrix, 

a first branch of a second electro-optic modu- 
lator stage having two optical waveguide input ports, M 
optical waveguide output ports and a second electrical 

20 port, said first branch characterized by a second KxM 

transfer matrix, one of said input ports of said first 
branch being butt coupled to a first one of said two out- 
put ports of said first modulator stage, 

a second branch of said second electro-optic 

25 modulator stage of like structure to said first branch 

having K optical waveguide input ports, N optical wave- 
guide output ports and a third electrical port, said 
branch characterized by a third KxN transfer matrix, one 
of said input ports of said second branch being butt cou- 

30 pled to a second one of said two output ports of said 

first modulator stage, and 
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STATEMENT UNDER ARTICLE 19 



PCT/US93/08117 



Claim 6 is amended to make it dependent upon claim 2, 
thereby correcting the improper cross-linked dependency of claims 
6 and 7 . 

In two locations in claim 13, commas are inserted to 
correct grammatical syntax and improve readability . 

In general, the claimed invention is directed to ah 
optical modulator having a plurality of cascade coupled electro- 
optic modulator stages, in which at least one of the modulator 
stages is a balanced-bridge interferometer (BBI) -type modulator 
with at least one directional coupler (DC) section therein, where 
at least one DC section is a Afl coupler . An electrical splitter 
or other drive means applies modulating electrical voltages 
derived from a single modulating input signal to electrical ports 
or electrodes of the modulator stages. Preferably, the applied 
modulating voltages are not only linearly related to one another 
and to the single modulating input signal from which they are 
derived, so as to produce proportional optical modulations in the 
respective modulator stages, but are also related in phase such 
that antiphase modulation of the light is produced simultaneously 
in both stages (claims 2-9, 16 and 17). The LP coupler or cou- 
plers of the BBI-type stage or stages are characterized by a 
change in relative phase delay 1LG) between two coupler paths of 
the Lp coupler, in addition to a change in a coupling coefficient 
(k) between the coupler paths, in response to a bias voltage ap- 
plied to the A p coupler. This means that when a bias voltage is 
applied to the LP coupler or couplers in order to reduce third, 
fifth and other odd order interharmonic distortion terms, the 
resulting relative phase delay (A /?) will introduce additional 
even order distortions that will need to be removed if the modu- 
lator is to have a highly linear response to the modulating sig- 
nal. Preferably, the even order distortion terms are minimized 
by applying a bias voltage to the interferometer (IF) section of 
at least one modulator stage (claims 6, 7 and 10-12), thereby 
compensating for the asymmetry from the biased A p coupler or 
couplers. Such use of bp couplers in multistage optical 
modulators is believed to bo new and nonobvious. 

In claims 13-15, a modulator structure having a first 
stage and two branch stages coupled to the output ports of the 
first stage is set forth, with an electrical splitter deriving 
three modulating electrical voltages from a single modulating 
input signal for application to the electrical ports of the three 
stages of the branched structure. In claims 18 and 19, the 
electrical splitter: for a plural stage modulator comprises a 
broadband windingless transmission line transformer. 
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